We used patch-clamp recordings and fast optical Ca 2+ imaging to characterize an 43 acetylcholine-induced current (I ACh ) in leg motoneurons of the stick insect Carausius 44 morosus. Our long term goal is to better understand the synaptic and integrative 45
The experiments were performed under biophysically controlled conditions on freshly 48 dissociated leg motoneurons to avoid secondary effects from the network. To allow 49 for unequivocal identification, the leg motoneurons were backfilled with a fluorescent 50 label through the main leg nerve prior to cell dissociation. In 87 % of the 51 motoneurons, I ACh consisted of a fast-desensitizing (I ACh1 ) and a slow-desensitizing 52 sustained component (I ACh2 ), both of which were desensitizing and concentration-53 dependent, with EC 50 s of 3.7 x 10 -5 M and 2.0 x 10 -5 M, respectively. Ca 2+ imaging 54 revealed that a considerable portion of I ACh (~ 18 %) is carried by Ca requirements by integrating centrally generated activity with local afferent, 72 intersegment coordinating and neuromodulatory inputs. In the end, the motor pattern 73 is shaped by a) the synaptic properties and connectivity, and b) the intrinsic electrical 74
properties, of the component neurons. To better understand the synaptic and 75 integrative properties of the component neurons within the locomotor network, we 76 asked which transmitters and receptors mediate the synaptic input to the leg 77 motoneurons. Across insects, acetylcholine (ACh) and nicotinic acetylcholine 78 receptors (nAChRs) are the primary candidates for mediating fast synaptic input to 79 the leg motoneurons (references see below). However, there is also evidence that 80 leg motoneurons might posses muscarinic acetylcholine receptors (mAChRs): a) 81 besides fast synaptic input, the motoneurons also receive tonic depolarizing input 82 during walking that is partially blocked by the muscarinic antagonist atropine (Ludwar 83 et al. 2005; Westmark et al. 2009 ), and b) pilocarpine, a muscarinic agonist, activated 84 a rhythmic motor pattern that is based on tonic depolarization of the motoneurons 85 (Büschges 1998; Büschges et al. 1995) . 86 nAChRs are ligand-gated ion channel receptor complexes that mediate fast 87 cholinergic synaptic transmission. They are among the most thoroughly studied 88 molecules in nervous systems. In vertebrates, the neuronal nAChRs consist of 89 pentameric ligand-gated cation channels, formed by the assembly of multiple α (α2-90 α10) and β (β2-β4) subunits. Different subunit combinations result in distinct 91 receptor sub-types with distinctive pharmacological profiles (Tomizawa and Casida 92 2003; Tomizawa and Casida 2001) . In insects, more than 10 nAChR genes have 93 been cloned, and post-translational modification of subunit mRNAs has been 94 demonstrated (Grauso et al. 2002; Lansdell and Millar 2002) , suggesting the 95 existence of many nAChR subtypes. While the identification and pharmacological 96 profiling of nAChR subtypes is limited, many studies have reported fast, nAChR-97 mediated inward currents in various insect neurons (Albert and Lingle 1993; Barbara 98 et al. 2008; Barbara et al. 2005; Beadle et al. 1989; Campusano et al. 2007; Cayre et 99 al. 1999; Courjaret et al. 2003; Courjaret and Lapied 2001; David and Pitman 1993; 100 Déglise et al. 2002; Goldberg et al. 1999; Grolleau et al. 1996; Gu and O'Dowd 2006; 101 projections were performed using ImageJ v1.35d with the WCIF plugin bundle 161 (www.uhnresearch.ca/facilities/wcif/). The final figure was prepared with Photoshop 162 and Illustrator CS2 (Adobe Systems Incorporated, San Jose, CA). 163
Cell culture. After backfilling, the thoracic ganglia were dissociated at room 164 temperature (RT) and neurons were cultured according to modified protocols from 165 previous work (Alix et al. 2002; Husch et al. 2008; Salgado and Saar 2004; 166 Westmark et al. 2009; Zhao et al. 2003) . Three thoracic ganglia with labeled 167 motoneurons were removed and immersed in cold, sterile 'normal' extracellular 168 saline (modified from Schmidt et al. [2001] and Husch et al. [2008] ), containing in 169 (mM): 180 NaCl; 4 KCl; 5 CaCl; 1 MgCl2; 10 HEPES and 48 sucrose, adjusted to pH 170 7.2 (with NaOH) and to 430 mOsm (with sucrose). First, the ganglionic sheath was 171 manually removed. Before manual removal of the underlying perineurium, the ganglia 172 were treated (10 min, RT) with a mixture of collagenase (250 units · ml HEPES and 135 sucrose, adjusted to pH 7.2 (with NaOH). The ganglia were 176 transferred to normal extracellular solution and the inner sheath was manually 177 removed. To facilitate dissociation of the cell bodies, the ganglia were enzyme-178 treated for a second time (20 min, RT). After rinsing at least five times with normal 179 extracellular saline (RT), the ganglia were dissociated by gentle trituration through a 180 series of pipettes of decreasing tip diameter. The neurons of one ganglion were 181 plated in 1-2 culture dishes. Dishes with glass bottoms were custom-made according 182 to modified protocols from previous reports (Hayashi and Hildebrand 1990; Hayashi 183 and Levine 1992 Igor Pro 6 Wavemetrics, Portland, Oregon, USA]) was also compensated. Voltage 214 errors due to series resistance (R S ) were minimized using the R S -compensation of 215 the EPC9. R S was compensated between 30% and 70%, with a time constant (τ) of 2 216 µs. If not stated otherwise, the cells were held at -60 mV, which is near their normal 217 resting potential (Schmidt et al. 2001) . 218
Ligand application. The neurons were continuously superfused with normal 219 extracellular saline (0.5 ml·min -1 ) through a teflon tube (483 µm ID) placed 600 µm 220 from the cell. Ligands were applied with a U-tube system as described previously 221 
We used in vitro calibration (in solution). For calibration, K d,Fura,eff was 281 determined by measuring fura-2 fluorescence ratios for R max , R min and R = R def . R def 282
is the ratio for a defined [Ca 2+ ] i , which was set to 0.22 µM (see below for the 283 preparation of the solutions). K d,Fura,eff was then calculated from Eq. 3. To account for 284 environmental differences between the cytoplasmic milieu and in vitro conditions, we 285 used a correction factor (P) for R max and R min , as suggested by Poenie (1990;  
Calibration solutions: The free Ca 2+ concentrations of the calibration solutions 297 were adjusted by using appropriate proportions of Ca 2+ and the Ca 2+ chelator EGTA. 298
The ability of EGTA to bind calcium is highly dependent on the environmental 299 conditions such as ionic strength, temperature, pH and the concentrations of other 300 metals that compete for binding (Harrison and Bers 1989, 1987 (1000) (Fig. 1, A and B) . All of these somata were located in the anterior-378 lateral region (most of them are ventrally located) of the thoracic-ganglion and had 379 their dendritic fields in the dorsal-intermediary part of the thoracic ganglion. The 380 soma size of these motoneurons was 40 μm or less. In addition, the staining revealed 381 up to 2 common inhibitor motoneurons (CI) and up to 6 dorsal unpaired median 382 (DUM) neurons (Goldammer 2008; Mentel et al. 2008) (Fig. 1, A and B) . Both neuron 383 types had soma diameters of 50 μm or more (Debrodt and Bässler 1989; Goldammer 384 2008; Storrer et al. 1986) . 385
Our study is based on 208 whole-cell patch-clamp recordings from acutely 386 dissociated neurons of the thoracic ganglion that were identified as leg motoneurons 387 in culture by their fluorescence and soma size (Fig. 1C) . To characterize I ACh here, 388 the neurons were superfused with normal extracellular saline and clamped at -60 389 mV. The resting membrane potential measured immediately after establishing the 390 whole-cell configuration was -63 ± 2.5 mV (n = 208) and ranged from -55 mV to -70 391 mV. ACh was applied for 1 s via a U-tube system. Over 90% (197 / 208) of the 392 investigated neurons generated an inward current upon application of a 1 s ACh puff 393 (10 -7 M -10 -3 M, Fig. 2A ). 394
ACh induced a fast-desensitizing and a slow-desensitizing component (I ACh1 396 and I ACh2 respectively; Fig. 2A,B) . In 88 % (173 / 197) of ACh-responsive neurons, 397 both components were apparent (type 1; Fig. 2A 
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-7 M and 10 -3 M (Fig. 2D) . The concentration-current relations of I ACh1 (peak 409 current) and I ACh2 (current amplitude averaged between 950 ms and 1000 ms of ACh 410 application) were fit with the Hill relation (Eq. 1a; Fig. 2D ). Both components started 411 to activate at ACh concentrations above 3 x 10 -6 M and their concentration-current 412 curves had similar EC 50 values and Hill coefficients (I ACh1 : EC 50 = 3.7 x 10 -5 ± 1.9 x 413 10 -6 M, H n = 1.2 ± 0.1, n = 14; I ACh2 : EC 50 = 2.1 x 10 -5 ± 1.5 x 10 -6 , H n = 1.1 ± 0.1, P 414 = 0.09, n = 14, paired t-test). The maximum amplitude of I ACh1 determined from Hill 415 fits was 6.2 x 10 -1 ± 2.8 x 10 -1 nA (n = 14). Given a mean whole-cell capacitance (C M ) 416 of 89 ± 50 pF (n = 14), this corresponded to a current density (
of 8.6 ± 5.7 pA · pF -1 (8.6 x 10 -2 ± 5.7 x 10 -2 pA µm -2
). For I ACh2 the Hill fits yielded a 418 maximal amplitude of 3.5 x 10 -1 ± 2.9 x 10 -1 nA (n = 14), which corresponded to a 419
) of 4.5 ± 3.9 pA · pF -1 (4.5 x 10 -2 ± 3.9 x 10 -2 420 pA · µm -2
). 421
Fluorimetric Ca 2+ measurements 422
The fura-2-loaded (0.2 mM) neurons were voltage-clamped at their resting 423 potential (~ -60 mV) in normal extracellular saline (Fig. 3) The fraction f ACh = 13.3 ± 3.3 M · C -1 (n = 8, 1000 bootstrap samples, Eq. 6), 432 which was determined from the slope of the linear fit in Fig. 3B, indicated 
Nicotinic ligands 440
Nicotine, like ACh, induced an inward current consisting of a transient (I NIC1 ) 441 and a sustained (I NIC2 ) component (Fig. 4A, Table 1) . A quantitative comparison with 442 I ACh , however, revealed significant differences in some physiologically important 443 parameters. At the same concentration (10 -4 M) the amplitude of I NIC1 was similar to 444 I ACh1 (P = 0.14, n = 13, paired t-test, Fig. 4B ), however, I NIC2 was 50 % smaller 445 compared to I ACh2 (P = 0.017, n = 13, paired t-test, Fig. 4B ). While the nicotine 446 concentration-response curve for I NIC1 showed a similar EC 50 (EC 50 = 3.5 x 10 -5 ± 1.6 447 x 10 -6 M) and Hill coefficient ( H n = 1.5 ± 0.1) compared to I ACh1 , the concentration-448 response curve for I NIC2 was inverted-U shaped with a similar response threshold (3 x 449
10
-6 M), EC 50 (~ 10 -5 M) and a maximum at 10 -4 M (Fig. 4C) . These results suggested 450 the presence of at least 2 nAChR in stick insect leg motoneurons. (Fig. 5, Table 1 ). The block started at concentrations 465 around 10 -11 M and I ACh was completely blocked at concentrations of 10 -6 M and 466 higher. As shown in Fig. 5 the choice for the model to fit the α-BGTX was not 467 obvious. Because we waited for each α-BGTX concentration until the steady-state 468 level of the block was reached, this indicated the expression of more than one 469 receptor subtype. We used a Hill model and a linear relation to fit the data. Estimated 470 from the Hill model the IC 50 for α-BGTX was 3.3 x 10 -9 ± 1.1 x 10 -9 M ( H n = 0.40 ± 471 0.05) for I ACh1 and 2.5 x 10 -10 ± 0.1 X 10 -10 M ( H n = 0.44± 0.06) for I ACh2 . With the 472 linear fit the IC 50 was 2.3 x 10 -9 ± 1.0 x 10 -9 M for I ACh1 and 3.1 x 10 -10 ± 0.8 10 -10 M for 473 I ACh2 . The finding that α-BGTX was more potent against I ACh2 (Fig. 5) , suggests the 474 existence of different subtypes of nAChR. The α-BGTX block is relatively difficult to 475 reverse (< 50 % reversibility after 45 min wash). 476
Muscarinic ligands 477
To test if muscarinic receptors contributed to I ACh and Weeks 1989). At concentrations up to 10 -3 M, none of these muscarinic agonists 482 elicited any current, even when applied for 20 s (Fig 6) . These experiments showed 483 that I ACh in the leg motoneuron somata, as recorded in our experimental conditions, 484 did not contain a muscarinic component. 485
Despite the lack of a muscarinic component in I ACh , we observed that the 486 muscarinic receptor antagonist atropine blocked both components of I ACh (Fig. 7, 487 Table 1) at relatively high concentrations. Atropine had an effect at concentrations of 488
10
-8 M, and blocked I ACh at 10 -4 M nearly completely. The IC 50 , estimated from linear 489 fits of the concentration-current relation, was 1.7 x 10 -6 ± 0.5 x 10 -6 M for I ACh1 and 7.6 490 x 10 -7 ± 2.5 x 10 -7 M for I ACh2 . Note that atropine is several orders of magnitude less 491 potent than the nicotinic antagonist α-BGTX. The atropine block was relatively 492 difficult to reverse (< 70 % reversibility after 30 min wash). 493
DISCUSSION 494
In this study, we analyzed acetylcholine-activated ionic currents (I ACh ) in 495 acutely dissociated leg motoneurons of the stick insect C. morosus. To ensure an 496 unequivocal identification of the motoneurons, their somata were backfilled with a 497 fluorescent dye prior to dissociation. Under controlled cell culture conditions, I ACh was 498 characterized using whole-cell patch-clamp recording and optical imaging 499 techniques. Our data provide important insights into the ACh signaling of the stick 500 insect's leg sensory-motor system that has served as a very successful model to 501 investigate basic principles of walking on the network level. 502 From insect motor systems, we know that within any one, there are usually different 556 classes of motoneurons that differ in their physiological properties (Burrows 1996; 557 Gabriel et al. 2003; Parker 1996; Schmidt et al. 2001) . Neuronal properties are 558 largely determined by the types of ion-channels and receptors expressed, and by 559 their rate of expression. It will be interesting in the future to determine with recordings 560 from identified motoneurons in the intact ganglion, whether different ratios of 561 receptors can be attributed to different sub-types of leg motoneurons, possibly 562 reflecting their different physiological properties and function. 563
Identification of leg motoneurons in cell culture

Nicotinic ligands 564
The findings that nicotine and imidacloprid induced I ACh -like currents and that α-565 BGTX blocked I ACh , suggests that I ACh is mediated by nicotinic acetylcholine 566 receptors. The nicotine and imidacloprid concentration-response relations were well 567 within the range reported for many other insect neurons (Barbara et al. 2008; 568 Campusano et al. 2007; Cayre et al. 1999; Déglise et al. 2002; Ihara et al. 2006; 569 Vömel and Wegener 2007; Wegener et al. 2004; Wüstenberg and Grünewald 2004) . 570
The following results suggest that the two components, which desensitize with 571 different time constants, are mediated by 2 different nAChRs: a) the amplitude ratios 572 of I ACh1 and I ACh2 were variable between different motoneurons. b) The form and EC 50 573 values of the concentration-response curves for several nAChR ligands were 574 different between I ACh1 and I ACh2 . 575
At equal ligand concentrations we found similar amplitudes for I ACh1 and I NIC1 , 576 but observed smaller amplitudes for I NIC2 compared to I ACh2 . These results suggest a 577 differential affinity of nicotine to the receptor subtypes, with nicotine being a full ACh 578 agonist for the receptors mediating I ACh1 , but only a partial agonist for the receptors 579 mediating I ACh2 . Differential effects of nicotine on receptor subtypes have been 580 described previously in several insect neuron types, in which nicotine can act as a full 581 or better ACh agonist (Cayre et al. 1999; Courjaret and Lapied 2001; David and 582 Pitman 1993; Lapied et al. 1990; Trimmer and Weeks 1989) blocked both components of I ACh completely, it had a higher affinity to the nAChR that 589 generated I ACh2 . Differential affinity of α-BGTX to nAChR sub-types has been 590 reported by Salgado and Saar (2004) in cockroach thoracic neurons, in which α-591 BGTX had a higher affinity to the nAChR sub-type that generated a non-desensitizing 592
Muscarinic ligands 594
Even high concentrations of muscarine and 'classical' muscarinic agonists 595 only very small or no ionic currents (Albert & Lingle 1993 , Hermsen et al. 1998 , van 606 Eyseren et al. 1998 , Cayre et al. 1999 , Wüstenberg & Grünewald 2004 . 607
Provided that the cholinergic receptor on the motoneuron cell bodies and on 608 the dendritic regions have similar pharmacological properties (e.g., Buckingham et al. 609 1994; Fickbohm and Trimmer 2003; Harrow and Sattelle 1983) , the finding that stick 610 insect motoneurons do not appear to be equipped with muscarinic receptors that 611 induce ionic currents indicates that neither the tonic depolarization observed in stick 612 insect motoneurons during pilocarpine-induced rhythmic activity (Büschges 1998) nor 613 the tonic depolarization observed in motoneurons during walking (Ludwar et al. 2005; 614 Westmark et al. 2009 ) are related to ACh binding to motoneuron mAChRs. This 615 would suggest that muscarinic action for generation of rhythmic activity in the stick 616 insect locomotor system, and perhaps also in locomotor systems of other insects, is 617 confined to premotor neurons. 618 However, our failure to observe muscarine-induced currents could also be due 619 to our experimental conditions. If the mAChRs were exclusively expressed on the 620 neurites, we would not measure their currents in our soma preparation. Because 621 mAChRs are known to activate second messenger pathways (Caulfield 1993; 622 Caulfield and Birdsall 1998; Felder 1995; Gregory et al. 2007; Lanzafame et al. 623 2003) , it could be that much longer application times are necessary to activate 624 mAChR-mediated ionic currents, or that mAChRs modulate the activity of nAChRs 625 without evoking a current directly. The reduction of I ACh by atropine might point in that 626 direction and regulation of nAChR-mediated responses by activation of mAChRs has 627 been suggested in previous studies (Brown and Galligan 2003; Courjaret et al. 2003; 628 Shen et al. 2009) . 629
In any case, we found no direct evidence for 'mixed' receptors as reported in 630 cockroach DUM neurons (Lapied et al. 1990) or motoneurons (David and Pitman 631 1993) . However, note that the 'mixed' receptors, observed by David and Pitman 632 (1993) , have been recorded at more depolarized holding potentials than in this study 633 and that the effective concentrations have to be compared with great caution given 634 the different methods of ligand application. 635
The approach used in this study allowed the investigation of acetylcholine-636 induced currents of unequivocally identified adult leg motoneurons under 637 biophysically controlled conditions. Whole-cell patch-clamp recordings showed that 638 somata of leg motoneurons posses functional AChRs. While we did not attempt to 639 determine a complete pharmacological profile, the study provides solid evidence that 640 the motoneurons posses at least 2 types of nicotinic receptors that mediate current 641 components with differing rates of desensitization. The functional roles of these 642
receptors have yet to be verified in preparations with functionally intact synapses. 
